Arbitrary patterning onto inner surfaces of fine pipes with an inner diameter of 2 mm was investigated. A handmade exposure system was used as the patterning tool, and the specimen pipes were moved for relatively scanning the laser light-beam with a wavelength of 408 nm. At first, character patterns with a height of approximately 200 μm were delineated. Although several element patterns stuck out of the jointed patterns, all the delineated characters were legible, and the pattern widths were almost homogeneous except the parts where other element patterns were closely delineated. Next, arrays of V-shape patterns were delineated. Measured width fluctuation was approximately ±5 μm for the average width of 44 μm. Finally, the resolution limit or the the pattern-pitch limit of dense line-and-space patterns was investigated. As a result, the minimum pattern pitch was 29 μm, and the finest continuous resist pattern with a width of 6 μm was obtained. It was verified that arbitrary patterns were certainly delineated onto the inner surfaces of the fine pipes.
Introduction
Fine patterning using the combination of lithography and etching is conveniently applied to the fabrication of various micro electro mechanical systems (MEMS). Recently, applications of this combination are extended to the fabrication of three dimensional micro-parts. Various fine micro-structures such as helical micro-coils and micro-screws are proposed using various methods. For example, Laser-assisted chemical vapor deposition [1] , wire winding method [2] , creation of out-of-structure [3] , X-ray lithography and nickel electroplating [4] , ion-beam deposition [5] , optical projection lithography [6] , and others were proposed. Comparing with these methods, laser scan lithography has a merit that helical patterns are easily delineated onto fine wires or pipes, and tiny micro-coil springs are easily obtained by etching the patterned pipes [7] or electroplating nickel onto the patterned wires [8] . Fabricated micro-coils have already been applied to micro-probe pins of semiconductor testers [9] .
Using laser scan lithography, any other patterns can be arbitrarily delineated. When a beam spot is projected onto a specimen surface with an appropriate reduction ratio in place of only focusing the laser beam, small but intense laser beam spot is made on the resist film coated on the specimen. Accordingly, delineation speed does not become excessively low.
This laser scan lithography can be utilized for the patterning even onto inner surfaces of fine pipes. If a reflection rod with a mirror surface inclined 45º from the pipe axis is inserted, the laser beam can be bended in a right angle from the pipe axis, and focused on the inner surface of the pipe [10] . This inside lithography onto inner surfaces of small-diameter pipes is useful for fabricating micro-parts such as micro-air-bearings. It has already been presented that air bearings with oblique linear grooves are fabricated, and a rotor is smoothly rotated with a high-speed [11] .
In this application to the air-bearings, only discrete simple lines were repeatedly delineated. However, if more complicated patterns with arbitrary shapes were delineated precisely, they may be applied to the fabrication of other MEMS components such as sleeves with micro-grooves for guiding cams or fluidic valve ports. For this reason, feasibility of higher level patterning is investigated, and higher potentiality is discussed here.
Exposure Tool for Inside Lithography
The principle of the laser-scan inside-lithography system is shown in Fig. 1 . It is necessary to focus laser light in a small spot for delineating fine patterns and sensitizing a resist film in a favorable short time. However, if the laser beam was focused using a lens with a high reduction ratio or high numerical aperture (NA), depth-of-focus became very shallow. Accordingly, it became very difficult to keep the beam size and the light energy density on the specimen steadily constant. For this reason, lens optics with a long work distance and a rather low reduction ratio were adopted, and the beam spot size was reduced to 1/20 using a 10X objective and a 2X imaging lens. The NA and the working distance of the 10X objective were 0.25 and 33.5 mm, respectively. To reshape the laser spot, a pinhole with a diameter of 423 nm was used, and the outlet of the pinhole was projected on to the inside surface of specimen using the above mentioned reduction optics. Accordingly, the beam spot diameter was approximately 21 μm. As a laser source, a semiconductor violet laser with a wavelength of 408 nm and a power of approximately 15 mW was used.
It was also necessary to observe the beam spot on the pipe inside before and during the exposure, and confirm that the spot was always moved on the inside surface of specimen. For this reason, beam spot image was monitored using light rays reflected at the inside surface of specimen. In concrete, a beam splitter was placed in the infinite focus space between the objective and the imaging lens, and the beam spot image was projected on the screen of a camera, as shown in Fig. 1 . Figure 2 shows an example of the monitored beam spot. The tip shape of the reflection rod with a diameter of 500 μm and the beam spot was clearly monitored on the 7-in display.
Patterning onto Inside Surfaces of Pipes

Delineation of Character Patterns
To investigate patterning characteristics in various directions, character patterns with a height of approximately 200 μm were delineated by the order as shown in Fig. 3 . The numbers show the order of delineation. As a specimen, copper pipes with inner and outer diameters of 2 and 3 mm were used.
Laser power measured at the exposure point was 35 μW, and the delineation speed was 100 μm/s. The copper specimen pipes were coated with a positive resist PMER P-LA900PM (Tokyo Ohka Kogyo) in a span length of 20 mm from the ends of pipes. The resist thickness was controlled to approximately 10 μm. As a result, character patterns shown in Fig. 4 were obtained. It is known that all of the character patterns were legible, and it was clarified that arbitrary patterns could be delineated if the start and stop points were appropriately appointed in Fig. 1 . Principle of the inside lithography system using laser scanning. However, line elements often stuck out at the places where two element patterns were overlapped. For example, the horizontal line element of the character "A", "B", "H", and "O" stuck out. It depended on the crossing angle between the stitched line elements that how long or how conspicuous stick-out was observed. It will be a very important subject how to stitch various line elements smoothly, and it will probably require a lot of works hereafter.
The widths were measured at various points shown in Fig. 5 , and Fig. 6 shows the measurement results of the character pattern widths. It is known that the pattern widths change depending on the positions of the characters and the paths of delineation.
Because the laser beam spot has quasi-gaussian intensity distribution, skirts or side-robes of intensity curves overlap each other among neighboring pattern elements. As a result, pattern widths change depending on the neighboring patterns or pattern density. It was clarified that the pattern widths became wide at the short V-shape patterns, as observed in "R" and "B" patterns. Except the width data enclosed by the circles, the pattern widths were almost homogeneous. The average width was 25.6 μm and the standard deviation Ã was 1.9 μm.
Requirements for the pattern width distribution or variation depend on the usage of patterns. In many cases, it is no problem that the fidelity of pattern shapes and widths somewhat degrades at bended corners or crossing points. However, in the case that such corners or crossing points are very important parts of devices, close analysis and dose compensation should be considered.
V-Shape Patterning for Particular Applications
It was clarified by the investigation shown in sections 3.1 that arbitrary patterns were obtained if delineation conditions were modified so as to make pattern widths and shapes faithful to the required ones. For this reason, another patterning of V-shape pattern arrays was investigated next. Delineated patterns are shown in Fig. 7 . The pattern size was 1,000 μm × 200 μm, and the pattern pitch was 140 μm.
The supposed application was the fabrication of air-bearing grooves. It is well known that patterns with a shape similar to herring bones are effective as the air-bearing grooves.
Pattern widths were measured at 10 points for each V-shape pattern element. Measured distribution of pattern-widths is shown in Fig. 8 . Pattern width fluctuation was approximately ±5 μm.
Pitch Limit of Dense Patterns
Pitch limit of dense patterns was also investigated. The limit was investigated by gradually shortening the pitch between the patterns delineated along the circumference of pipe inside in the direction perpendicular to the pipe axis. The pattern pitch was changed from 60 μm to 20 μm. Laser power, delineation speed, and resist coating conditions were the same with the ones used in section 3.1.
Delineated patterns are shown in Figs. 9 and 10. Fig. 10 shows the magnified view of Fig. 9 . The pattern pitches are indicated in Fig. 10 , and the resist line patterns were broken and became discontinuous when the pattern pitch was less than 29 μm, as shown in the Figure. The change of the resist pattern width was measured, as plotted in Fig. 11 . The minimum width of the resist patterns formed without breaking was approximately 6 μm..
Conclusion
Arbitrary patterning onto inside surfaces of fine copper pipes with an inner diameter of 2 mm was investigated, using laser scan lithography. Because the laser beam spot was relatively scanned by moving the specimen stages linearly in X and rotationally in ¸ directions, too much complicated patterns were not delineated. However, character patterns with a height of approximately 200 μm and arrays of V-shape patterns with a size of approximately 1,000 μm × 200 μm were successfully delineated by stitching short line-pattern exposures. In both cases, the pattern widths were 20-50 μm depending on the spot size of the laser beam. Because the laser beam was reshaped using a pinhole with a diameter of 423 μm, and the pinhole outlet was projected onto the inside surface of the specimen pipe by a reduction projection ratio of 1/20, calculated size of the beam spot was 21 μm.
It was clarified by the experiments that the pattern element lengths should be assigned more carefully not to cause the stick out of the patterns at the stitching and crossing parts considering the smoothness of the delineated patterns. It was also clarified that the patterning speed or the laser power should be modified considering the duplication or superimposition of the patterning and the influence from the neighbor patterns. However, it was verified that simple arbitrary patterns were certainly delineated in fact. In addition, the pattern-pitch limit or the resolution limit of the narrow resist patterns was also clarified. The width limit of resist patterns was approximately 6 μm. Patterns with this width were delineated without discontinuity. Improving the line width homogeneity and accuracy some more, arbitrary patterns useful and applicable to advanced MEMS devices will be obtained in the near future. 
